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Abstract: The article deals with research into the
processes of diffusion and drift of copper ions in a
lithium niobate crystal after annealing in the presence of
a copper film deposited on the crystal surface. For this
purpose, there are chosen temperatures 7 = 600, 650,
700, 750 and 800°C, with the duration of high-
temperature annealing being 6 hours for each sample.
The optical absorption spectra of the samples are
recorded in the direction perpendicular to the direction of
diffusion at different distances from the edge of the
crystal. Absorption bands of Cu’ (400 nm) and Cu®*"
(1000 nm) ions are observed in all the samples
annealed. The intensity of the bands varies depending on
the annealing temperature and the distance from the
diffusion source. Concentrations of copper ions are
calculated using the Smakula—Dexter formula. Depth de-
pendences of the Cu ions concentration are approxi-
mated within the framework of the model, taking into
account both diffusion and drift of Cu ions. Experi-
mental spatial distributions of copper ion concentrations
are well approximated by theoretical curves calculated
within the framework of the mathematical model of
diffusion. The diffusion coefficients determined from the
approximations are well-agreed with the available data
from the literature.

Keywords: lithium niobate; diffusion; drift; optical
spectroscopy; impurity concentration.

1. Introduction

High-temperature processing of lithium niobate
(LiNbOs3, LN) in different conditions (oxidizing, reduc-
tion and in the presence of metal ions) is an effective
method of influencing the state of the defective sub-
system of crystals and, accordingly, modifying their
optical, electrophysical, and other properties. In par-
ticular, annealing in the presence of metal ions that can
change their valence under the influence of light and
thermochemical treatments (Cu, Fe, Mn, their
combinations and combinations with other dopants) is
used to increase the photorefractive sensitivity of

LiNbO;, which makes it attractive for use in optical
information recording devices [1].

In most known works [2, 3], the diffusion of copper
ions in LN is studied when the crystals are heated to
relatively low temperatures (no more than 800°C) in
solutions or melts of salts containing Cu, and the depth
of its diffusion is determined by the methods of secon-
dary ions mass spectroscopy (SIMS) or Auger spect-
roscopy. At the same time, the probing radiation spreads
along the diffusion direction perpendicular to the surface
through which the dopant diffused. The depths that can
be investigated using these techniques are no more than
10 microns. The influence of high-temperature and long-
term annealing of LN samples with copper films
deposited on the surface and samples immersed in
copper oxide powder on the optical properties of crystals
is studied in papers [4, 5, 6]. However, only in [6] the
changes in the absorption spectra caused by copper
diffusion with depth (more than 10 mm) along the
crystal-physical axes X, Y, Z are studied when the
spectra are recorded in the directions perpendicular to
the diffusion one. As a result, it was found that the
depths of incorporation of copper ions depend on the
crystallographic direction, reach values of several
hundred microns and are different for Cu" and Cu®" ions.
The greatest depth of copper penetration is in the Z
direction. In this case, the dependence of the distribution
of the copper ion concentrations "embedded" in the
crystal lattice with depth has a "bell" shape with maxima
in the range of 200...300 pm from the edge of the
plate, depending on the annealing conditions and the
charge of the copper ion.

At the same time, the dependence of the depth of
incorporation of ions on the annealing temperature, when
the source of copper ions is the same for all samples
under research, remains unstudied. Also, there is no
mathematical description of the dependences of the
distribution of copper ions of different valence, which
were "embedded" in the crystal lattice of lithium niobate
as a result of diffusion processes.
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Therefore, the aim of this work is to investigate the
distributions of copper ions of different valence diffused
to the crystal in the Z direction from the same type of
source, depending on the annealing temperature, as well
as an attempt to describe mathematically the obtained
dependences of the concentration distribution with
distance from the sample surfaces.

2. Details of the experiment

Crystals of LiNbO; of congruent composition were
obtained at Scientific Research Company ‘Electron-
Carat’ by the Czochralski method from platinum cru-
cibles in air according to the technology described in [7].
Samples for research were made from one crystal ingot
in the form of oriented plates 10x10x2 mm in size (Z,
X, Y). The Cu film with a thickness of about 650 nm
was deposited on the XY surface of the plates by the
magnetron method before thermal treatment. Each
sample was annealed at 7' = 600, 650, 700, 750 and
800°C for 6 hours. Annealing took place in air in a
Nabertherm furnace (Germany). In all cases, the heating
rate was 5°C per minute. After the annealing was comp-
leted, the samples were cooled together with the oven.

The absorption spectra after annealing were
recorded using a Shimadzu UV-3600 spectrophotometer
(Japan) successively in thin layers of the LN sample
under study. For this, a movable table with a micro-
metric screw was located in the sample chamber of the
spectrophotometer, which made it possible to move the
sample of the investigated crystal, fixed on it, in steps of
20 pm relative to a fixed diaphragm with a diameter of
70 um and a height of 10 mm. The diaphragm was cut
from an opaque ceramic plate and placed parallel to the
XY surface of the LN plate and perpendicular to the Z
direction (diffusion direction). Scanning was carried out
along with the crystal physical direction Z (the diffusion
direction), while the scanning light after the slit
propagated perpendicular to the chosen crystal-physical
direction (diffusion direction). To detect changes in
optical properties caused by heat treatment, difference
spectra were constructed between the absorption in the
central region of the plate and the absorption in each thin
layer during scanning. A detailed procedure for measu-
ring spatial changes in the optical absorption of lithium
niobate crystals caused by diffusion is given in [8-10].

As mentioned above, the penetration depth of copper
is greatest in the crystallographic direction Z [6], so the
diffusion of copper was studied in this direction, and the
spectra were recorded in the Y direction.

3. Study of the diffusion of Cu ions

In the spectra of additional absorption caused by the
incorporation of Cu, bands are distinguished with a
maximum in the region of 400-450 nm and in the

region of 980-1000 nm. These bands are typical to LN
crystals doped with copper ions — the 400-450 nm band
is due to the Cu” — Nb”" intervalence transition, and
the band with a maximum of 980-1000 nm is due to
the 2Eg — 2T2g intracenter transition in the Cu®' ion
[11-15]. For example, Fig. 1 shows the spectrum of
additional absorption obtained at a distance of 250 pm
from the edge of the plate, which was annealed at a

temperature of 800 C.
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Fig. 1. Additional absorption spectrum obtained at a distance
of 250 um from the edge of the plate annealed at 800°C.

Ak, cm™!

T T T T T T T T T 1
0 100 200 30D 400 500 600 700 800 900 100D
l,um

Ak, cm™
> @

N
h

04

T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000
I, um

Fig. 2. Depth dependences of the absorption coefficient
at wavelengths of 400 (a) and 1000 (b) nm, obtained
after 6-hour annealing in the presence of a Cu film at 600,
650, 700, 750, and 800°C.
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Dependencies of the change in the absorption value
at wavelengths of 400 and 1000 nm with the distance
from the edge of the plate for the used annealing
temperatures are shown in Fig. 2.

For Cu®" ions (1000 nm), the maximum positions of
the absorption distribution curves with depth are at a
distance of about 180 um from the edge of the plate.
Taking into account the accuracy of the measurements, it
can be assumed that the position of the maximum in this
case practically does not show any dependence on the
annealing temperature. For Cu’ ions (400 nm), the
maxima of the absorption curves change with temperature
and are located at a distance of 150 pym at 7= 600°C and
250 um at 7= 800°C. As can be seen from Fig. 2, with
temperature increasing, the intensity of absorption
increases and reaches saturation at temperatures of
750...800°C, which may be related to the depletion of
the diffusion source.

Analysis of the shape of additional absorption bands
(Fig. 1), which are caused by Cu” and Cu®" ions and
obtained at different distances from the edge of the
plates, made it possible to calculate the concentration of
impurities and estimate their distribution in different
crystallographic directions of LN samples, using the
Smakula-Dexter formula [16] and data on the mag-
nitudes of the oscillator strengths of the corresponding
optical transitions [12, 13]. During the calculations, it
was assumed that the shapes of the absorption bands are
close to Gaussian, and, accordingly, the expression for
the calculations takes the form [16]:

n 1

N(em™)= 8,7.10‘6(”2T)270Kmax

AE, (1)

where 7 is the refractive index at the wavelength of the
maximum of the absorption band, which was calculated
according to the Zellmeyer formula for LINbO; [17], fo
is the oscillator strength of the optical transition, which
is 4107 for the absorption of Cu’ (band in the region of
400 nm) and 2-10°* for Cu*" (band in the region of
1000 nm) [18, 13], K, is the absorption coefficient at
the maximum of the corresponding band, determined in
cm', AE is the width of the corresponding absorption
band determined at half its height, in eV.

Concentration distribution curves correspond in
shape to absorption distribution curves, however, the
concentration of Cu”" ions is higher than the concentration
of Cu’ ions (Fig. 3.). The concentration of Cu”" ions in the
peaks after high-temperature annealing at the studied
temperatures is of the order of (0.5...5.5)-10" c¢m™, and

for Cu™-~(1.1...2.5)-10" cm™.
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Fig. 3. Distribution curves of Ci*
and Cu" ion concentrations

4. Mathematical description of the coloring processes
of lithium niobate crystals after high-temperature
annealing in the presence of copper ions

As it is known, the electrical conductivity of LN
crystals is primarily considered to be ionic and due to the
movement of lithium ions [19]. In particular, when
transferred along the Z axis of the crystal, they can move
through the channels formed by oxygen octahedra.
Another possible agent responsible for the electrical
conductivity of lithium niobate is oxygen vacancies.
Constants in the Arrhenius law for the diffusion
coefficient of Li ions in LN [19],

D=D, exp(—k%j, 2)

according to the data of various researchers, differ
significantly: Dy varies from 1.5-107 to 5.7-10° cm/s,
diffusion activation energy E from 0.36 to 3.24 eV.
Congruent LN crystals are characterized by non-
stoichiometry — an excess of niobium, which partially
occupies the positions of lithium. Since the anti-site ion
of niobium has an excess positive charge, there is a need
for its charge compensation. It is believed [20] that, at
least at sufficiently high temperatures, charge
compensation is carried out by lithium vacancies, with
four lithium vacancies per anti-site niobium ion:

[ Nbf =4[ 7/ ] 3)

A mathematical model that would describe the
process of incorporation metal ions into LN or lithium
tantalate in works [2, 3, 21] has not been developed. In
general, the presence of a maximum in the distribution of
copper is explained by the occurrence of blocking forces
in the near-surface layer, which are associated with its
structural rearrangement. The authors of [2] present the
main processes that, according to their opinion, take
place during ion exchange. In particular, when Cu**

copper ions are incorporated into the crystal, these
processes should be as follows.
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1) Formation of compounds with a composition
different from the composition of the LN in the near-
surface layer:

Cu*" +LiNbO, — Cu Li,, V,NbO,.  (4)

Additional lithium vacancies (V,) arising in
accordance with (Eq. 4) carry out charge compensation
of copper ions, which, compared to lithium ions, have an
additional positive charge.

2) Replacement of Li+ with Cu®" in the near-surface
layer complicates the diffusion of lithium (reduces its
diffusion coefficient) due to the creation of barrier layer.
This divides the diffusion region into two parts: one
enriched with Li;O + CuO (lithium niobate-based solid
solution), the other depleted by both ion exchange
participants:

(CuO)_(Li,0),, V. Nb,O5 —
—(Cu0), (Li,0) V;Nb,O5 (I+m>1)+ (5)
+(Cu0), (Li,0),, V,Nb,O5 (I'+m'<1).

3) A monoclinic LiNb;Og phase appears in the
lithium-depleted region:

(CuO) (Li,0),, V,Nb,0; —

(6)
— LiNb,O¢ + Cu, Li;,_, NbO;.

Obviously, the diffusion coefficient for the exchange
mechanism should go down with a decrease in the
concentration of exchange participants (since the
probability of their falling into neighboring positions in
the lattice decreases). Thus, the decrease in the
concentration of Li in the near-surface region due to its
replacement by Cu and vacancies stops the process of
introduction of copper into the crystal due to a decrease
in the corresponding diffusion coefficient. The
probabilities of the Cu” & Li exchange process begin
to depend on the orientation: movement in the direction
away from the crystal surface becomes more probable
than movement in the opposite direction. This causes the
appearance of a characteristic maximum on the
distribution curve of Cu** concentration in the crystal.

The concentration of lithium in the near-surface
layers reducing, the possibility of incorporation copper
from the surrounding medium (powder or film) to the
crystal is practically impossible, so diffusion in this case
can be considered as diffusion from a finite source into a
semi-infinite body (since the diffusion length L, which
was calculated for the maximum time annealing, is much
smaller than the size of the crystal).The mathematical
description of the Cu*" introduction process will be
described in accordance with [22].
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Therefore, if the probabilities of jumping diffusant
atoms in opposite directions are different, a drift com-
ponent appears in the diffusion equation:

ON &N _0oN P
ot o’ ox’
where N is the diffusant concentration, V' is the drift
velocity. The resulting solution of the diffusion equation

for a semi-infinite body with a reflective boundary has
the form [8]:

M (x— Vz‘)2
exp| ————— | »
Dt P 4Dt

where M is the number of particles per unit area of the
source.

Let us use Eq.8 to approximate the dependence of
the concentration of Cu®" and Cu’ ions, which are
incorporated into the LN crystal as a result of high-
temperature annealing with a deposited copper film. The
results of such an approximation are shown in Fig. 4, for
clarity, it is given only at a temperature of 800°C. The
obtained characteristics of the distributions (position of
the maximum X, diffusion coefficient D, drift
velocity V) are indicated in Table I.

N(xt)= (8)
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Fig. 4.Distributions of concentrations of Cu+ (a) and a’t ()
ions during diffusion in the Z direction at a temperature of 800
oC and their approximation by Eq. §.
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As can be seen from Fig. 4, Gaussian dependence
(Eq.8) generally describes well the concentration
distributions of copper ions in the LN crystal. Some in-
consistency is connected, first of all, with the not very
significant accuracy of determining the dopant con-
centration according to Eq.1.

Diffusion coefficients determined from the approxi-
mations are from 1.2-10™"° to 8.4-10"° cm?/s for Cu+
ions and from 3.7-10™° to 8-10™"° cm?s for Cu®" ions
depending on the annealing temperature, i.e. in order of
magnitude they correspond to the above estimate
D =4.1-10"" ¢cm?/s. Drift velocities are from 1-107 to
~8.4-107 cm/s for Cu' ions and from 5.9-107 to
8.5-107 cm/s for Cu®” ions, respectively.

Table 1
Parameters of approximation of concentration
distributions by a Gaussian dependence
in the Z direction

lons | Xax, UM | D, 10 cm%/s | V, 107 cr/s
600°C

Cu’ 163+1 3.240.2 7.5440.06

Cu” 14043 6.240.7 6.510.1
650°C

Cu’ 182+4 8+1 8.4+0.2

cur 15782 8.0£0.5 7.26+0.07
700°C

Cu’ 15843 3.6£0.6 7.340.1

Cu”  [144+1 5.140.3 6.65+0.05
750°C

Cu’ 14242 3.740.3 6.55+0.08

Cu” 12741 4.6+0.3 5.86+0.05
800°C

Cu™  [22243 1.240.1 1.0£0.1

Cu”  [185+1 7.310.4 8.54+0.06

The errors in the determination of the diffusion
coefficients and the drift velocities indicated in Table 1
are underestimated, since they do not take into account
the error in determining the duration of the annealing
process.

6. Conclusions

It is shown that the structure of the spatial distribution
of copper ions incorporated into a lithium niobate crystal
during annealing with a copper film deposited on crystal
surface is due to a complex ion exchange process
involving copper and lithium ions. In the process of such
an exchange, the near-surface layer of the crystal becomes
depleted in lithium ions and enriched with copper ions that
reduces the exchange diffusion coefficient in this layer. At
that the probabilities of jumping copper ions in opposite
directions begin to differ, and as a result, the movement of
Cu’ and Cu®" ions towards the middle of the crystal
becomes predominant. In terms of the transfer process,
this is equivalent to the appearance of a drift component in
the diffusion equation. The solution of this equation
assumes the existence of a maximum in the dependence of
the concentration of diffusant ions on the depth, similar to

those observed in our experiments. The approximation of
the obtained experimental spatial distributions of Cu" and
Cu’" concentrations during diffusion for different tempe-
ratures showed a good agreement with the experiment.
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OIITUYHE JOCIIIKEHHSA
TA MOJIEJIJIOBAHHS IU® Y3Ii IOHIB
MIAI B KPUCTAUJII LINBO;

Jmutpo Cyrak, Yisana Sxuesuu, Oner bypii,
Irop Cusopotka, Ctenan I'ypcbkuit

Jocnijpkeno mpouecu mdysii Ta apeiidy ioHiB Migi B
KpHCTaJIi HIOOATY JITIkO MiCIIs BiiNaTy B IPUCYTHOCTI TUTIBKH Mij,
HAaHECeHOI Ha TIOBEpXHIO Kpucrana. [lns mociimkeHHs Oyio
obpano temmeparypu 7= 600, 650, 700, 750 ta SOOOC, a Tpu-
BAJIICTh BUCOKOTEMIIEPATYPHUX BiAnaiiB Oyna 6 ToIuH KOXHMH
3pa3ok. CeKTpy ONTHYHOIO IOIVIMHAHHS 3Pa3KiB PeecTpyBalld B
HanpsIMKy, TEpHEHANKYIIPHOMY Hanpsmy audysii Ha pizHHX
Bi/ICTaHAX Bif Kpato kpucTaa. CMyru noryusanHs ionis Cu’ (400
M) i Cu?™ (1000 1m) CIIOCTepirainy y BCIX BiINIAJICHHUX 3pa3Kax.
[HTeHCHBHICTE CMYT 3MIHIOETHCS B 3aJISKHOCTI BiJI TEMITEpaTypy
Bi/imany Ta BifcTaHi Bix Jokepena mudysii. Konrenrparii ioHiB
Mim pospaxoByBaim 3a ¢opmynoro Cmakymu—/lekcrepa. [nu-
OUHHI 3aJIe)XHOCTI KOHLeHTpauii ioHiB Cu OyiM anpoKCUMOBaHi B
pamKax Mozeni 3 ypaxyBaHHSM sIK audysii, Tak 1 npeiidy ioHiB
Cu. ExcriepuMeHTanbHO HPOCTOPOBI PO3NONUIM KOHLIEHTpALliit
iOHIB Mifi J1oOpe anpoKCHMYIOTbCS TEOPETHYHMMHU KPHBHUMH,
pPO3paxOBaHMMM Yy paMKaX BKa3aHOi MaTeMaTU4YHOI Mozeli
mdy3ii. BuzHaueHi 3 HaOmmkeHb KoediuieHTn mudysii mnodpe
Y3IODKYFOTBCS 3 BIIOMUMH 3 JIITEpaTypH.
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